Abstract: In the present study, metagenomic library of Western Ghats soil sample was constructed in a fosmid vector (pCC1FOS) and screened for biocatalytic properties. The clones showed amylolytic activity on Luria-Bertani starch agar plates and one of them was studied in detail. The enzyme exhibited stability at elevated temperature with 60
Introduction
The construction and exploitation of metagenomic DNA libraries are a powerful tool to harvest and archive environmental genetic resources. The technique has a potential application in search for new drug molecules, enzymes with novel properties and new biological pathways. Many efforts have concentrated recently on the identification of novel genes and pathways using culture-independent methods. Screening of the metagenome of soil microbes has yielded various antimicrobial and antitumor compounds. Metagenomic library of marine microorganisms from Sargasso Sea could identify bacterial rhodopsin similar to Archaea. The strategies for exploring diverse metagenomes and prospecting for novel biocatalysts with industrial applications has been thoroughly reviewed (FernandezArrojo et al. 2010) . The study of metagenomic library from Sargasso Sea also found DNA from nearly 2000 different species, including 148 types of bacteria never known before (Venter et al. 2004 ). The novel biocatalysts isolated by metagenomic approach include esterases, lipases, amylases, amidases, monooxygenases, and nitrilases (Henne et al. 2000; DeSantis et al. 2002; Ranjan et al. 2005; JunGang et al. 2010; Singh et al. 2010) . In addition to these, the identification of pathway for poly-3-hydroxybutyrate metabolism, identification of novel genes coding for resistance to antibiotics are examples of successful applications of metagenomics. Similarly, the prospecting of metagenomic libraries revealed that most abundant rRNA genes were related to Acidobacteria, a major taxon with few cultured representatives (Kielak et al. 2010) . These studies indicated amazing diversity waiting to be exploited using metagenomic approaches.
Amylolytic enzymes constitute the endo-acting α-amylases which cleave α-1,4-glucosidic linkages, exoamylases which include β-amylases (cleaving α-1,4 linkages from non-reducing ends) and glucoamylases (cleaving both α-1,4 and α-1,6 linkages), and the debranching enzyme attacking primarily the α-1,6 linkages of starch. Amylases form a major class of industrial enzymes with applications ranging from detergents to food and pharmaceutical industries. In food industry, amylases are 940 J. Vidya et al.
predominantly applied during the use of raw materials containing starch (Pandey et al. 2000; van der Maarel et al. 2002) . The amylase applications of food industry such as liquefaction of starch, saccharification of starch in baking and preparation of maltose and high fructose syrup require that the ideal enzyme should be stable at high temperatures. Apart from the application in food industry, amylases attained considerable attention in detergent and textile industries for formulation of enzymatic detergents and removing starch from textiles (van der Maarel et al. 2002; Monteiro de Souza & de Oliveirae e Magalhaes 2010) .
In the present study, an attempt was made to screen for novel amylase from a metagenomic library constructed from the soil samples of Western Ghats of Kerala, India, and studied for its thermostability, pH and salt tolerance, metal ion and inhibitor effects. Also, the 16S rDNA association studies were undertaken to study the phylogenetic association.
Material and methods

Metagenomic library construction
Soil DNA extraction was done from Western Ghats soil samples (10 g) directly without enrichment using the protocol described by Rhee et al. (2005) , with slight modifications. The sample was ground in extraction buffer (100 mM TrisHCl pH 8.0, 100 mM EDTA pH 8.0 and 1.5 M NaCl) and treated with lysozyme (0.1 mg/mL) for 1 h at 30
• C. The sample was then treated with 0.3% cetyltrimethylammonium bromide solution and incubated at 65
• C for 1 h after adding 100 mM β-mercaptoethnaol. DNA was then purified by phenol: chloroform: isoamyl alcohol (25:24:1) extraction and aqueous fraction was precipitated by adding 0.6 (v/v) isopropanol, incubated at −20
• C for 20 min, centrifuged at 13,000×g and 4
• C for 30 min. The pellet was washed with 70% ethanol, centrifuged at 13,000×g and 4
• C for 10 min. The supernatant was discarded; the pellet was air-dried and dissolved in 10 mM Tris-HCl buffer (pH = 8.0). The isolated DNA was re-extracted with chloroform: isoamyl alcohol, precipitated with 0.1 (v/v) Na-acetate (5 M, pH = 4.8) and isopropanol 0.6 (v/v), washed with 70% ethanol, air-dried and finally dissolved in 10 mM . The metagenomic DNA library was constructed using the copy control fosmid library construction kit (Epicenter Biotechnologies, USA) according to the manufacturer's instruction. The purified high-molecular-weight DNA was end-repaired using end repair enzyme mix (T4 DNA polymerase and polynucleotide kinase) and size selected in low-melting point agarose (1%) along with the size control DNA having a molecular weight of 36 kb. The gel consisting of size selected DNA (∼36 kb) was incubated with β-agarase, reprecipitated and ligated with fosmid vector pCC1FOS. The ligated construct was packaged in Lambda packaging extract and used to transfect the competent E. coli EPI300 cells.
Screening of library for amylase
The metagenomic clones were screened for amylase activity in Luria-Bertani (LB) starch medium supplemented with 12.5 µg/mL chloramphenicol. The colonies were plated in pools of 10 in master plate (LB agar) and a replica plate was prepared in LB starch agar. The master plate was kept for overnight growth at 37
• C and subsequently stored at 4 • C, while the replica plate was allowed to grow at 37
• C for 48 h. After the incubation, the plate was flooded with iodine : potassium iodide solution (0.1%:1%) and colonies showing clear zone were picked up.
Enzyme assay
The amylase activity was estimated using the protocol by Okolo et al. (1995) . The reaction mixture consisted of 1.25 mL of substrate (1% soluble starch), 0.5 mL 0.1 M acetate buffer (pH = 5.0) or as described otherwise and 0.25 mL of cell free culture filtrate. After 10 min of incubation at 37 • C or as described otherwise, the reducing sugars released were estimated by the dinitrosalicylic acid method (Miller 1959) . The color developed was measured at 575 nm using a Shimazdu UV-160A spectrophotometer. Glucose was used as the standard. The substrate blank contained 0.75 mL of 0.1 M acetate buffer (pH 5.0) and 1.25 mL of 1% starch solution. The enzyme blank contained 1.75 mL buffer and 0.25 mL of culture supernatant. One unit (IU) of amylase was defined as the amount of enzyme releasing one µmol glucose equivalent per minute under the assay conditions.
Enzyme purification and zymogram analysis
The purification of amylase was performed by initially growing the clone in 500 mL LB medium supplemented with 1% starch and chloramphenicol (12.5 µg/mL). The culture was allowed to grow for 48 h, afterwards cells were pelleted and cell-free supernatant was precipitated with cold acetone. The precipitated proteins were ultrafiltered using 50 kDa cut-off membrane (Millipore). The isoelectric pH of the retentate fraction was determined by rotofor analysis (BioRad). The protein fraction retained in retentate fraction was loaded onto Q-Sepharose anion exchange column pre-equilibrated with 50 mM Tris-HCl (pH = 7.0) and the bound proteins were eluted with a linear gradient of 0-0.5 M NaCl in 50 mM Tris buffer (pH = 9) using BioRad protein purification system. The partially purified sample was concentrated and loaded on to 12% SDS-PAGE gel. The gel was run at 80 V for 3 h. After the completion of gel run, gel was treated with 2% Triton X100 for 2 h, followed by incubation in 1% starch for 1 h. The amylase activity bands were detected by flooding the gel with iodine:potassium iodide solution (0.1%:1%). The untreated gel was silver-stained for visualization of bands. Similarly the protein was also analyzed in native PAGE and was stained for activity thereafter. The samples were loaded on to 12% native PAGE gel and run at 4
• C. For zymogram analysis the gel was incubated in 1% starch solution for 1 h and then flooded with iodine : potassium iodide solution (0.1%:1%) and observed for any clear bands in the gel.
Enzyme characterization studies
The optimum temperature was determined by conducting the assay at different temperatures ranging from 40-80
For determining the optimum pH, the assay mixture was incubated at 60
• C for 10 min in different buffers. The buffer systems used were sodium acetate buffer (pH = 4-6), Tris HCl buffer (pH = 7-8) and glycine-NaOH buffer (pH = 9-10).
Thermostability of the amylase was performed at 70
• C and 80
• C by incubating in water bath at respective temperatures for varying time intervals. For this, an aliquot of the incubation mix was removed at every 15 min intervals up to 1 h and kept on ice. Subsequently, enzyme assay was performed at 60
• C and pH = 5.0. The untreated enzyme reaction was used as control. The percentage activity retention was calculated by taking the activity of the control as 100%. The salt tolerance of the amylase was studied at a range of 0.5-2 M NaCl. The enzyme reaction was performed in buffer with different salt gradient mentioned above. Control reaction without NaCl in the assay buffer was taken as 100%.
The effect of metal ions on amylase activity was determined by pre-incubating the enzyme preparation with divalent and trivalent metal ions, such as Ca 2+ , Co 2+ , Mn
2+
and Fe 3+ at a concentration of 10 mM for 30 min at 30
• C. The enzyme after incubation with metal ions was compared to the activity of crude enzyme without any additional metal ions in the reaction mixture. The influence of inhibitors on the activity profile of amylase was studied using different protein inhibitor compounds such as β-mercaptoethanol, dithiothreitol (DTT), EDTA and Nbromosuccinimide (NBS). The enzyme was pre-incubated with different inhibitors (5 mM) at 30
• C for 30 min and subsequently assayed at 60
• C and pH = 5.0.
Thin layer chromatography (TLC)
This study was performed using a known glucoamylase and α-amylase treated starch along with glucose, maltose and starch as control. The clone M81 amylase treated 1% starch along with known α-amylase and glucoamylase were loaded on the TLC plate. The mobile phase was 35 mL (5% water + methanol) + 65 mL chloroform. The run was performed till the solvent front moved to 3/4 of TLC. The spots were developed with methanol with 0.3 % (w/v) α-naphthol and 5% (v/v) H2SO4 (Atichokudomchai et al. 2006 ).
16S rDNA amplification and sequencing
The 16S rDNA was amplified from fosmid DNA isolated from clone M81 using universal forward and reverse primers. The reaction mix (50 µL) consisted of 2 units of Taq DNA polymerase, 1X Taq DNA polymerase buffer, 2 mM MgCl2, 0.2 mM dNTPs mix, 150 ng of template DNA, 200 pmol of each primers. The PCR cycling included initial denaturation at 94 • C. The gel run of PCR amplicon showed ∼1.3 kb fragment (figure not included), which was gel eluted and sequenced (Scigenome Pvt. Ltd., India) using ABI Prism 3.7.3.0.XL Automated DNA sequencer. The sequencing data was submitted to NCBI Environmental DNA database.
Results
Metagenomic library construction and screening
The isolated soil DNA quality and size was confirmed by digestion with restriction enzymes which was found to be digesting the isolated DNA. The transfected E. coli cells upon serial dilution and plating gave a colony forming unit (CFU) count of 2.1×10
9 CFU/mL. The library consisted of ∼76,000 metagenomic clones with an average insert size of ∼36 kb. This library represented approximate metagenome coverage of 2.736 Gb. The amylase producing clones were selected on LB agar medium supplemented with 1% starch and 12.5 µg/mL chloramphenicol. Out of around 76,000 colonies screened, few clone pools were identified as showing clear zone formation after flooding with iodine: potassium iodide solution. The positive clone clusters were identified based on clear zones and some of the isolated clones obtained from streaking on LB-starch agar were positive for amylase activity. Among the positive clones, clone M81 was selected for further studies.
Enzyme purification and zymogram analysis
The acetone precipitated crude sample was subjected to ultrafiltration through 50 kDa membrane, which showed amylase activity in retentate fraction. The rotofor analysis of the retentate fraction for studying the isoelectric pH of the amylase showed it to be pH = 8.5. Hence, the retentate after ultrafiltration was passed through Q-Sepharose anion-exchange resin and fractions with activity were pooled. The purification details are summarized in Table 1 . The zymogram analysis by staining the native PAGE gel showed a single active band. The apparent molecular weight of the amylase was ∼70 kDa (Fig. 1) .
Enzyme characterization studies
The studies for optimum temperature revealed that 60
• C was the optimal temperature for α-amylase produced by the clone M81 (Fig. 2a) . The enzyme retained good activity in a pH range of pH 5.0-8.0 with its maximum activity at pH = 5.0 (Fig. 2b) .
The thermostability studies with the α-amylase produced by the clone M81 revealed that enzyme was showing good activity retention at 70
• C (Fig. 3a,b) . The enzyme showed gradual loss of activity over an extended period of time with almost 40% activity being retained after one-hour incubation at 80
• C (Fig. 3b) . The thermostability studies of α-amylase suggested that enzyme was moderately halotolerant with almost 90% activity retention in 1 M NaCl and almost 75% activity retention at 1.5 M NaCl. Although, subsequent loss of activity at 2 M NaCl was drastic, however, enzyme still retained 20% of its initial activity (Fig. 4) .
The activity studies with divalent metal ions suggested that only the Ca 2+ ions enhanced the activity of the enzyme significantly, while interaction with other ions resulted in no significant increase in activity. The activity enhancement in the presence of Ca 2+ was 119% of its initial activity. The effect of DTT, EDTA, β-mercaptoethanol and NBS on the activity of amylase revealed that enzyme activity was not affected by 5 mM DTT and NBS, while almost 20% and 90% loss of activity was observed when pre-incubated with β-mercaptoethanol and EDTA, respectively. The study with NBS and DTT reveals enzyme was stabilized with increased activity in the presence of these reducing and modifying agents (Fig. 5) . The nature of enzyme was characterized by TLC study which indicated it to be an α-amylase as the digestion products were glucose and maltose similar to the digestion product of commercial α-amylase.
Nucleotide BLAST study
The nucleotide BLAST of 16S DNA sequence was performed and it showed 99% sequence identity (95% sequence coverage) with Exiguobacterium sp. AFB-11 and AFB 18 (GenBank: HQ848275 and HQ848274) reported from upper Cretaceous era fossil sediment sample collected at 200 ft depth in a limestone mine of Ariyalur, Tamilnadu, India.
Discussion
The metagenomic approach is being increasingly applied for exploitation of microbial diversity with possibilities of identifying the clones with novel biocatalytic properties. The technique relies on tremendous power of new DNA isolation and cloning techniques, making it possible to clone large size DNA fragments using a variety of vectors such as fosmid, cosmid and BAC vectors. The PCR amplification of 16S rRNA gene sequence of metagenomic samples has been used for studying the un-culturable diversity of a defined niche (Hugenholz et al. 1998; Beja et al. 2000) . However, the identification of clones with the biocatalytic properties has been less than expected with one cellulose-producing clone being identified from a cosmid library of 70,000 clones (Kim et al. 2008 ) and one in 25,000 with the same vector (Pang et al. 2009 ). Regarding amylase, eight amylolytic clones were reported from 24,000 clones of BAC library (Rondon et al. 2000) ; similarly, one amylolytic clone was obtained from a 34,000 clones of cosmid library of Kargil soil metagenome .
The pH profiling of present amylase suggested it to be a unique acidic thermostable amylase, which was also functional under alkaline pH (Fig. 2a,b) with activity. The enzyme showed good thermotolerance and retained activity even at 80 • C (Fig. 3b) . In the study of Kargil soil metagenome, the amylase was reported with a pH range of pH = 5.5-7.5 and temperature optimum of 40
• C . Most of the characterized metagenome-derived amylases are optimally active at acidic range and at elevated temperatures (Richardson et al. 2002) , while some amylases with optimum activity under alkaline conditions also being reported from soil metagenome (Yun et al. 2004 , Yun & Ryu 2005 . The present isolate also shows acidic pH optimum and tolerance to elevated temperatures.
Halotolerance has been reported for the amylase produced by marine Streptomyces sp. having stability in 10% (w/v) NaCl (Chakraborty et al. 2009 ) and by a halophillic Bacillus which was stable up to 10-20% NaCl (Kiran & Chandra 2008) . The effect of DTT, EDTA, β-mercaptoethanol and NBS on the activity of amylase showed enhanced activity in the presence of DTT and NBS. However, loss of activity in presence of β-mercaptoethanol and almost complete loss of activity with EDTA suggested it to be a metal-dependent amylase, which was confirmed by activity enhancement in the presence of Ca 2+ ions. The increased activity of the enzyme in the presence of Ca 2+ ions along with the TLC profile of starch digests suggested it to be Ca 2+ -dependent α-amylase (Bilderback 1973) . The hyperthermostable α-amylase reported from Geobacillus thermoleovorans was similarly only inhibited slightly by DTT and phenylmethylsulfonyl fluoride (Rao & Satyanarayana 2007) . Since the tryptophan residue has been reported to have a major role in active-site or the substrate-binding part of amylases, cellulases, etc., and the mechanism of action of NBS being the oxidation of tryptophan residue leading to inhibition of respective enzymes (Kawaminami et al. 1994) , most of the amylases reported so far have been inhibited by this oxidizing agent even at 0.1 mM concentration (Igarashi et al. 1998) . However, in the present enzyme no inhibition with NBS was observed suggesting that tryptophan residues were either absent or were not having any catalytic role.
The presence of salt tolerance in an amylase isolated from Western Ghats soil metagenome underscores the potential of metagenomics. The presence of salt tolerance is rarely found in the amylases isolated from soil; however, metagenomic approach is capable to introducing enzymes with novel structural features. The absence of inhibition by DTT and partial inhibition by β-mercaptoethanol suggested that the thermal stability of amylase was due to its structural properties rather than the -SH bonds. The stability towards reducing agents also suggested it to be a monomeric protein with a molecular weight of ∼70 kDa. The novel features of salt tolerance, thermostability, broad range of pH activity, resistance to strong reducing agents such as DTT, β-mercaptoethanol and active-site modifying agents suggested that this amylase to be a novel α-amylase. The high sequence identity with Exiguobacterium sp. suggested the origin of source DNA from this genus.
Conclusions
A metagenomic library was constructed from the Western Ghats soil with total genome coverage of 2.736 Gb. The library was screened for novel amylase-producing clones. The selected amylases were studied for temperature stability and the enzyme with better temperature tolerance was identified. Its temperature optimum was at 60
• C, while it also showed stability up to 80
• C. Its pH optimum was 5.0. Enzyme exhibited tolerance towards reducing agents and inhibitors, like DTT and NBS, with moderate loss of activity in the presence of β-mercaptoethanol and almost complete loss in the presence of EDTA. The enzyme showed Ca 2+ -dependent activity increase and had tolerance towards 1.5 M NaCl. However, it showed rapid loss of activity at 2 M NaCl. The phylogenetic analysis of 16S rDNA showed that possible source of the metagenomic DNA to be a bacterium from Exiguobacterium sp. From the results, it could be concluded that the present metagenomic amylase showed useful structural features and properties, which make it suitable for baking and destarching application.
